Using femtosecond laser irradiation and subsequent annealing, nanocomposite structures composed of spinel-type ferrimagnetic nanoparticles (NPs) and plasmonic metallic NPs have been formed spaceselectively within glass doped with both α-Fe 2 O 3 and Al. The Faraday rotation spectra exhibit a distinct negative peak at around 400 nm, suggesting that the ferrimagnetic Faraday response is enhanced by the localized surface plasmon resonance (LSPR) due to metallic Al NPs. At the interfaces in the nanocomposites, the ferrimagnetism of magnetite NPs is directly coupled with the plasmon in the Al NPs. The control of the resonance wavelength of the magneto-optical peaks, namely, the size of plasmonic NPs has been demonstrated by changing the irradiation or annealing conditions.
Introduction
Nanocomposites or nanostructures that combine plasmonic metal nanoparticles (NPs) and ferromagnetic NPs are promising material systems from both practical and fundamental viewpoints due to the localized surface plasmon enhancement of magneto-optical responses, such as Faraday and Kerr rotations. Magneto-optical responses, which provide detailed physical information on the electronic and spin structure of materials [1] , are enhanced by the plasmonically excited electric field that arises in the interfacial region between the metallic and magnetic NPs. Recent advances include the discovery of such enhancement phenomena in core-shell nanocrystals [2] [3] [4] , dumbbell-like nanoparticle pairs [5, 6] , plasmonic NPs deposited on ferrimagnetic thin films [7] , and ferromagnetic/plasmonic multilayer structures [8] . The advantage of nanocomposite materials lies not only in their much higher efficiency compared to ferromagnetic metal alloys [9] but also the high flexibility and controllability of their composition, which make it possible to optimize their magnetism and the plasmonic properties, respectively.
In general, chemical synthesis or vapor deposition is the most popular method for preparing nanocomposite materials. However, synthesized colloidal NPs are stable only in the presence of synthetic solvents. Therefore, it is difficult to fabricate complicated threedimensional structures or superlattices for application to nanosized magneto-optical devices by stacking the dried NPs. In this paper, a novel method is proposed for preparing plasmonic and magneto-optical nanoparticle composites and for 3-dimensional structuring, based on space-selective precipitation inside transparent glass using high-intensity ultrashort laser pulses, such as those produced by a femtosecond-(fs-) laser. Femtosecond-lasers are widely recognized as powerful tools for sensing the optical properties of materials, or spaceselectively modifying their optical, electrical, mechanical, or magnetic properties [10] [11] [12] [13] [14] [15] [16] [17] . Focusing an fs-laser inside a transparent glass locally induces a variety of interactions with atoms, such as photoreduction, photoexcitation, heat accumulation, and atomic diffusion based on nonlinear multiphoton absorption. In addition, there have been many reports of postannealing processes following irradiation giving rise to the space-selective precipitation of metallic or oxide NPs [18] [19] [20] . Recently, we have also succeeded in modifying the local magnetism in a Fe-oxide-doped glass using an fs-laser process [21] . The ferrimagnetic spineltype crystalline phase, magnetite, was successfully produced by irradiation with an fs-laser and subsequent annealing. The room-temperature magnetization was manifestly enhanced compared with that of the non-irradiated glass. These experiments represent the first direct observation of space-selective laser-induced precipitation of the ferrimagnetic phase. A further challenge would be the ability to cause simultaneous precipitation of magnetic and plasmonic metal NPs. Since the modified region is spatially confined to an area corresponding to the spot size of the focused laser pulse, it might be expected that nanoparticle pairs with magnetic and plasmonic crystalline phases would precipitate. In the present study, the effect of fs-laser irradiation on the optical, magnetic, and magneto-optical properties of soda lime silicate glass doped with both Fe oxide (hematite; α-Fe 2 O 3 ) and Al was investigated.
Experimental
Soda lime silicate glass doped with α-Fe 2 O 3 and Al was prepared by melt-quenching. The glass composition was 0.05Fe 2 O 3 ·0.1Al·70SiO 2 ·20Na 2 O·10CaO (mol/%). Reagent-grade SiO 2, Na 2 CO 3, CaCO 3, Fe 2 O 3 , and Al were used as starting materials. A mixture of these powders was melted in a platinum crucible at 1550 °C for 1 h in air. The melt was then quenched into a transparent glass by casting it onto a stainless-steel plate at room temperature. The glass was cut and both sides were polished to obtain 3-mm-thick samples.
To irradiate the samples, a near-infrared fs-laser (Clark-MXR, CPA-2001) with a center wavelength of 775 nm, a pulse width of 150 fs (full width at half maximum), and a repetition rate of 1 kHz was used. The laser beam passing through a 3-mm-diameter aperture was focused 1 mm below the glass surface using a × 20 microscope objective with a numerical aperture of 0.46 to produce a 2.68-μm-diameter spot. The pulse energy was set at 20 μJ/pulse and was focused. The glass samples were placed horizontally on a PC-controlled XY stage and translated in the X direction at a speed of 1000 μm/s. The laser beam was alternately scanned back and forward with a pitch of 5 μm in the Y direction, producing a square irradiated area with 4-mm-long sides. After laser irradiation, the glass samples were annealed in air under various temperature and duration time. The annealing was started by introducing the samples into the furnace maintained at the annealing temperature. Then, their absorption spectra were measured using a spectrophotometer (JASCO V-570) in the wavelength range from 200 to 1000 nm. 
Results and discussion
The as-prepared glass doped with α-Fe 2 O 3 and Al was highly transparent, as shown in the left-side photograph in Fig. 1 . Figure 2 (a) shows the absorption spectra of the as-prepared (black curve), irradiated (blue curve), and annealed (red curve) glass samples. The asprepared glass was highly transparent at visible wavelengths (i.e., longer than 340 nm). This is ascribable to the small absorption cross section of trivalent Fe ions, since all d-d transitions are spin forbidden in the high-spin configuration. We also found a relatively high absorption in the near-infrared region longer than 800 nm compared with glass doped only with α-Fe 2 O 3 , as was reported in a previous paper [21] . It is speculated that this absorption stems from a small amount of reduction of Fe ions due to the presence of Al.
The color of the fs-laser irradiated region in the glass changed to dark brown, as shown in the central photograph in Fig. 1 . This corresponds to broad absorption peaks at around 430 and 620 nm ( Fig. 2(a) ), which can be attributed to hole-trap centers (e.g., HC 1 and HC 2 ) at nonbridging oxygens. HC 1 and HC 2 represent holes trapped in SiO 4 polyhedra with two and three nonbridging oxygens, respectively [10, 19, 22] . In the present case, free electrons are driven from the 2p orbital of the nonbridging oxygen due to multiphoton absorption of the incident photons. Neighboring Fe 3+ ions are then partially reduced to Fe 2+ ions by trapping the free electrons [19] . This is quite similar to the situation for glass doped only with α-Fe 2 O 3 .
In the subsequent annealling process at 450 °C, however, the irradiated brown region became faint yellow, as shown in the right-side photograph in Fig. 1 . In the absorption spectrum, a distinct peak emerges at about 400 nm, and is assumed to correspond to localized surface plasmon resonance (LSPR) absorption due to metal NPs. The inset in Fig. 2(a) shows the change in the appearance of this peak as the annealing time increases from 30 to 90 min. It can be seen that with increasing annealing time, the absorption peak exhibits a small red shift from 399.15 to 401.91 nm. A red shift was also observed as the annealing temperature was increased, as shown in Fig. 2(b) for an annealing time of 30 min. Thus, it is clear that increasing either the duration or temperature of the anneal promotes the growth of crystalline NPs. On the other hand, when the laser beam was scanned more slowly, so that the irradiation dose was higher, the absorption peak shifted to shorter wavelength, as shown in the inset of Fig. 2(b) . At a higher irradiation dose, the number of metal NP nucleation events would increase, leading to a lower growth rate of NPs in the annealing process, and thus smaller particles sizes. In the case of higher pulse energy (100 μJ/pulse), the LSPR absorption peak revealed a blue shift due to the similar situation. The observed spectral features can therefore be well explained in terms of LSPR absorption due to metal NPs.
Meanwhile, the possibility of Fe NPs can be excluded because the plasma resonant frequency for Fe is in the infrared region. It is therefore proposed that the origin of the plasmon resonance is Al nanoparticles. Miura and his associates have reported that fs-laser irradiation can induce atomic diffusion of Al atoms inside glass materials [20] . In the region surrounding the focal point, a high concentration of Al can accumulate, and it is expected that additional annealing following irradiation would cause precipitation of Al nanocrystals. Meanwhile, Chan has reported that Al nanostructures with sizes of about 50 nm grown on glass substrates exhibit LSPR absorption at a wavelength of 390 nm, which is shorter than that for NPs made from noble metal, such as Au or Ag [23] and almost equivalent to the absorption observed in this study. The room-temperature magnetization as a function of external magnetic field was next evaluated for each sample using a superconducting quantum interference device magnetometer (Quantum Design, MPMS-XL). The inset in Fig. 3 shows raw magnetization data for the as-prepared samples (black open circles), samples irradiated and annealed at 450 °C for 30 min (red closed circles), and irradiated and annealed at 450 °C for 60 min (red open squares) samples. Amorphous oxide glasses homogeneously doped with Fe are basically paramagnetic at room temperature because of the weak magnetic interactions. However, the as-prepared sample had a very low saturation magnetization, M s . This contribution is negligible, and is probably attributable to local magnetic interactions among slightly aggregated trivalent Fe ions. Meanwhile, the irradiated and annealed samples show M s values significantly larger than the as-prepared sample due to ferromagnetic contributions. Based on the assumption that these contributions are entirely saturated at high magnetic fields, the linear diamagnetic components with negative gradients due to the non-magnetic glass matrix were subtracted as the background. The curves shown in the main plot in Fig. 3 represent the difference in magnetization between the as-prepared and the irradiated samples following background subtraction. The curves for unirradiated samples annealed at 450 °C (black open squares) and 550 °C (black open triangles) for 30 min were also shown. The increase in M s for the irradiated and annealed samples is much larger than that for the annealed-only samples, implying that fs-laser irradiation plays an important role in the enhancement of the magnetization. As discussed in our previous paper, the estimated M s values are not accurate, because the contributions of unirradiated areas are also included in this estimation [21] . Assuming that the change in the magnetization is restricted to the vicinity of the focal region (colored region), the enhancement factor is calculated to be at least nine times. This is almost equivalent to that for glass materials doped with only α-Fe 2 O 3 . Therefore, the magnetization enhancement effect is predominantly related to the presence of Fe ions. In other words, it is independent of the presence of Al. The coercive field is estimated to be 33 Oe, suggesting superparamagnetic behavior due to the presence of ferrimagnetic nanocrystals distantly dispersed in the diamagnetic glass matrix. Taking into account the results of our previous study, it is considered that ferrimagnetic magnetite NPs with a spinel structure. When the sample was irradiated with a fs-laser beam, free electrons were generated and holes were trapped on the nonbridging oxygens. At the same time, atomic diffusion of Fe ions occurs due to the heat gradient generated near the focal point [18] , producing local regions with high Fe concentrations. In these regions, crystalline phase would be easily formed by external thermal stimulation, such as annealing. Then, the free electrons can reduce trivalent Fe ions to divalent ions. Due to the coexistence of Fe 3+ and Fe 2+ , ferrimagnetic magnetite NPs were precipitated as the most stable crystalline phase. That is why the glass sample shows an enhanced magnetization and superparamagnetic behaviors [21] .
Nanostructures at the irradiated area in the glass were directly imaged by transmission electron microscopy (TEM) using a JEOL JEM2100F at 200 kV. As shown in the bright-field TEM images of the glass irradiated and then annealed at 550 °C for 30 min (Fig. 4(a) ), nanocomposite structures consisting of two different NPs can be observed. It is speculated that the smaller ones with dark contrast (2-4 nm) correspond to the metallic Al phase which exhibit LSPR absorption at around 400 nm. The lighter contrast regions, which exhibit clear lattice fringes, represent larger particles of ferrimagnetic magnetite with diameters of about 5-7 nm. The nucleation and the following growth of each crystalline NPs are simultaneously induced by the irradiation and the subsequent annealing. As shown in Fig. 4(b) , the plasmonic and magnetic NPs were adjacently precipitated in a spatially confined area due to the focused laser pulses, leading to creation of composite nanostructures of Al and magnetite NPs.
The obtained nanocomposites can be expected to exhibit a direct coupling between the magneto-optical response and plasmonic resonance at the grain boundaries [5] [6] [7] [8] . The variations in the Faraday rotation angle as a function of wavelength were measured under the external magnetic field of 15 kOe using a commercially available measurement system for Faraday and Kerr effects (JASCO, Model K-250). The measurements were performed before and after laser irradiation and subsequent annealing. Figure 5(a) shows the difference spectra for the Faraday rotation angle as a function of wavelength. In the spectrum (a) for a typical condition (annealing at 450 °C for 30 min), a large negative enhancement of the Faraday rotation angle is observed in the blue and ultraviolet regions. One can also find a negative peak at 407 nm in wavelength, which is directly related to the LSPR associated with Al NPs. It should be noted that such negative enhancement due to LSPR is caused by coupling with the ferromagnetic magneto-optical response [2, 7, 8] . Figure 5(b) shows the external magnetic field dependence of Faraday rotation angle at the wavelength of 400 nm at room temperature. The rotation angle subtracted with the diamagnetic contribution of the glass matrix shows the negative rotation which is saturated at fields higher than 10 kOe. This also suggests that the ferrimagnetic contribution is present due to superparamagnetic NPs, such as magnetite. In contrast, we measured the Faraday effect of the glass doped only with α-Fe 2 O 3 that was prepared in our previous paper [21] for comparison. This sample showed a significant enhancement of magnetization at room temperature, although it exhibited no LSPR absorption peak in the optical spectrum. As shown in the spectrum (f), the Faraday effect is not enhanced and shows no negative peak, which indicates that the magnetooptical response due to the ferrimagnetic magnetite NPs was plasmonically enhanced only in the presence of metalic Al NPs. The coupling between the Faraday effect and the plasmon resonance was investigated for different sample conditions. In Fig. 5(a) , the difference spectra have been fitted using Gaussian functions. Following background subtraction, the best fits are shown in Fig. 5(c) In the case of (b) the longer annealing time or (c) the higher annealing temperature, it can be seen that the negative peak undergoes a red shift. On the other hand, a blue shift is clearly observed in the case of (d) the lower scanning speed or (e) the higher pulse energy. These results are explainable in terms of a change in the size of plasmonic NPs, and are consistent with the shift of the LSPR absorption peaks. It can thus be concluded that the enhancement of the Faraday rotation angle is primary due to the LSPR. 
Conclusions
A space-selective control of the optical properties, magnetism, and magneto-optical response have been demonstrated using an infrared fs-laser beam focused within transparent glass doped with both α-Fe 2 O 3 and Al. The laser irradiation and post-annealing induced the precipitation of Al NPs exhibiting LSPR absorption at around 400 nm, in addition to a ferrimagnetic spinel Fe-oxide nanocrystalline phase. This led to a significant increase in the saturation magnetization at room temperature. In the region surrounding the focal point, atomic diffusion and photoreduction of the dopants occurred, resulting in the formation of plasmonic and ferrimagnetic NPs, respectively. An enhancement of the Faraday effect was also observed together with a negative peak in the magneto-optical spectra at a wavelength corresponding to the LSPR peaks in the optical absorption spectra. The shift of the peak in the Faraday rotation spectra is consistent with that for the LSPR absorption peak, and can be explained in terms of changes in the size of plasmonic NPs. These experimental results indicate a direct coupling between the ferrimagnetic high Faraday rotation and the LSPR, suggesting the space-selective precipitation of nanocomposites consisting of ferrimagnetic magnetite NPs and plasmonic Al NPs. A potential application of this processing method is the structuring of magneto-optical materials for novel magnetic devices such as threedimensional high-density magnetic recording devices and micro-optical isolators. In addition, since the elements Al and Fe are ubiquitous and inexpensive, this method is an attractive approach for practical plasmonic applications.
